A nanoscale pillar consisting of a Co/ Cu/ Co layered structure was fabricated by means of electron-beam lithography to study perpendicular transport properties as a function of both dc electric currents and applied magnetic fields. The nanopillar exhibits sharp transitions in magnetoresistance associated with magnetization reversal between antiparallel and parallel configurations of the two Co layers. Remarked is that the application of a large initializing field of 1 kOe and a current of 16 mA prior to the measurement results in an intermediate state. This intermediate state seems nucleated due to the spin wave instability.
INTRODUCTION

Slonczewski
1 and Berger 2 separately predicted that spinpolarized currents, flowing across a ferromagnet, transfer the spin angular momentum to the local magnetic moment, resulting in the spin torque. At a sufficiently large current density, this spin torque flips the local magnetization 1 or excites spin waves.
1,2 A few years later, the predictions were experimentally demonstrated by several groups. [3] [4] [5] [6] [7] [8] [9] Most of the experiments have been carried out using the magnetic layered nanopillars because of high applicability to magnetic random access memory ͑MRAM͒ and a required high current density of the order ϳ10 7-8 A/cm 2 . Usually, the differential resistance dV /dI versus the applied dc current I dc for such magnetic nanopillars shows clear hysteretic transitions between high resistance antiparallel ͑AP͒ and low resistance parallel ͑P͒ states of the two magnetic layers. [4] [5] [6] [7] [8] [9] With increasing the applied magnetic field, the current hysteresis gradually diminishes and the AP state becomes more difficult to be stabilized by the current injection. 4, 9 Instead, states with intermediate resistance are often observed as steady dynamic states 4, 9 where the spin torque sustains the magnetic precession in the nanopillars.
In this work, we show that an intermediate state can be stabilized in the Co/ Cu/ Co nanopillar unlike the dynamic state.
II. EXPERIMENT
The fabrication process of the nanopillar is as follows. First, Cu͑100 nm͒ /Co͑40 nm͒ /Cu͑6 nm͒ /Co͑2 nm͒ / Au͑20 nm͒ multilayers are deposited with electron-beam evaporation. The 100 nm Cu layer serves as the bottom electrode. By means of electron-beam lithography, a submicronsized resist mask is structured on the multilayers for the following ion-milling procedure. Then an ion beam is employed to mill through the top three layers to form a pillar with an elliptic cross section with the dimensions of 120 nm ϫ 90 nm. After that, the insulating SiO 2 layer is deposited and the lift-off procedure, the removal of the resist mask, follows. Finally, a top Cu electrode is patterned. The schematic cross section and top scanning electron microscopy ͑SEM͒ image are, respectively, shown in Figs. 1͑a͒ and 1͑b͒. The perpendicular transport properties of the pillar are measured by using conventional lock-in techniques. The amplitude and frequency of the ac excitation current are 70.7 A and 173 Hz, respectively. For spin injection experiments, variable dc currents up to 16 mA are coupled to the ac current. Magnetic fields are applied parallel to the long axis of the elliptic cross section. Figure 1͑c͒ shows the magnetoresistance ͑MR͒ loop without applied dc current. With sweeping the applied magnetic field H, sharp transitions occur between the low resistance P and the high resistance AP states of the two Co layers. The measured giant magnetoresistance ratio is about 2.5%. The lack of P state at low fields between −70 and +70 Oe indicates the presence of dipolar coupling, caused by the magnetic charges appeared around the side edge formed by overmilling into the bottom Co layer as shown in Fig.  1͑a͒ . The minor loop, measured by sweeping the field between 400 and 0 Oe, coincides well with the right-hand side of the MR loop, as indicated by the dashed line in Fig. 1͑c͒ . Since the magnetization of the bottom extended Co layer does not reverse when the field direction is fixed, all the four sharp transitions in the MR loop are due to the magnetization reversal of the top Co layer. From the minor loop, the dipolar field H dip is estimated to be 160 Oe. Note here that the magnetization reversal of the bottom Co layer does not cause the transition between P and AP states. As the bottom Co layer is reversed with varying the applied field, the magnetostatically coupled top Co layer simultaneously switches. Thus no transition occurs between AP and P states.
III. RESULTS AND DISCUSSION
The dependence of dV /dI on I dc is measured with varying the applied magnetic field H in the range from 0 to 400 Oe. During the measurement, the dc current is first decreased from +16 to −16 mA and then increased back to +16 mA. Here, a dc current flowing from the bottom to the top is defined as positive " +." While magnetic fields are lower than 300 Oe, sharp dc current hysteresis loops between the high resistance AP and the low resistance P states are observed as shown in Fig. 1͑d͒ . When the fields are higher than 300 Oe, the full switching from the P to the AP states disappears. Instead, the P state switches to the state with an intermediate ͑IM͒ resistance with increasing dc current. This switching from the P to the IM state becomes reversible when the field is further increased. Both the critical switching currents from AP to P, I AP→P , and from P to AP, I P→AP , increase linearly with the field from 80 to 300 Oe. Averaging the values, ͉͑I AP→P ͉ + ͉I P→AP ͉͒ / 2, yields the switching current density of about 5 ϫ 10 7 A/cm 2 . These results are similar to previous reports. However, subsequent experiments reveal that the IM state observed here is somehow different from the previously reported ones. 4, 9 In the subsequent experiments, the dV /dI versus I dc is measured as described below. Under a high initializing field of 1 kOe, the dc current is increased from 0 to +16 mA. With keeping I dc = + 16 mA, the field is decreased to the setting value and then the dV /dI versus I dc is measured. This experimental sequence results in very different dV /dI versus I dc curves as shown in Fig. 2 . Note that the initial state for the measurement is not AP any longer but the intermediate ͑IM͒ state whose resistance is almost in the middle of the high resistance AP and low resistance P states. The IM state switches to either P or AP according to the strength of the applied field during the measurement. For fields lower than 160 Oe, the IM state transforms to the high resistance AP state with decreasing the dc current ͓Fig. 2͑a͔͒. For high fields, the IM state turns to the low resistance P state as the dc current is decreased ͓Fig. 2͑b͔͒. These switching procedures are irreversible. After the switching is completed, the variation of the dV /dI becomes almost the same as that obtained without applying the initializing field, as shown in Fig. 2 by dotted lines. For fields higher than 300 Oe, no difference can be seen between measurements with and without initializing procedure. The switching currents I S are summarized as a function of the magnetic field H in Fig. 3 .
Note here that the initializing field of 1 kOe is not necessary to stabilize the IM state. In fact, the initializing fields higher than 300 Oe lead to similar results shown in Fig. 2 . This fact well explains the MR curve, measured with a dc current of 16 mA, shown in Fig. 4 . There are three plateaus in the curve. The first one is from 0 to about 200 Oe, corresponding to the AP state. After that, the MR curve exhibits a downward peak 10 and the second plateau. The third plateau appears from 300 Oe to 1 kOe, except a peak 11 at about 450 Oe. From the resistance, the third plateau is identified as the IM state, which remains stable while the field is decreased from 1 kOe to 0 Oe. The state corresponding to the second plateau does not remain stable when decreasing the field from the second plateau at 250 Oe back to 0 Oe. Instead, it just goes back to the AP state reversibly.
In the early reports, 4,9 when a high magnetic field is applied, with increasing the dc current, the P state reversibly switches to the intermediate states with the resistance in be- 
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Yang, Kimura, and Otani J. Appl. Phys. 97, 064304 ͑2005͒ tween P and AP states. These states are the magnetic dynamic modes of the top Co layer and can also be observed when increasing the field with a large dc current. 4, 9 The second plateau in Fig. 4 seems such a dynamic state. However, the IM state observed in the present study is somehow different from the above dynamic state in the top Co layer. First, the IM state stays stable even without applying a dc current, as shown in Fig. 2͑b͒ . The IM state is thus not a dynamic state, but most likely a static state. Second, with decreasing the dc current, the IM state irreversibly switch to either the high resistance AP state or the low resistance P state. If the top Co layer contributes to this static IM state, the switching to the AP state cannot be explained by the spin transfer theory. 1 According to the theory, the switching of the thin top Co layer to a high resistance state should occur only when the dc current is increased. The sharp switches in Fig.  1͑c͒ also indicate that no metastable intermediate states stabilize in the top Co layer. The anomalous switching in the magnetic pillar was also reported by Jiang et al. 12 But their sample contains both patterned very thin top and bottom ferromagnetic layers whose roles can be easily exchanged. In our sample, the bottom Co layer is extended and much thicker than the top Co layer, usually regarded as a magnetically fixed layer during the spin-current induced magnetic switching measurement.
A possible explanation for the observed intermediate state and its anomalous switching is the reversed domain formation in the bottom Co layer.
Polianski et al. 13 showed that the passage of an electric current through a single ferromagnetic layer embedded in a nonmagnetic cylinder induces spin accumulations with signs opposite to each other at both top and bottom interfaces of the ferromagnetic layer. Each accumulation exerts a spintransfer torque on the magnetization. When the contacts on the two sides are asymmetric, the spin torques, acting on both interfaces of the ferromagnetic layer, exhibit different magnitudes. In this case, spin wave instabilities occur for one current direction. Shibata and Kohno 14 further pointed out that such spin instabilities disappear once domain walls are nucleated in the ferromagnetic layer. In other words, the electric current stabilizes the existence of the domain walls.
These arguments can explain our experimental results as follows. Fig. 5͑a͒ shows the P state where M 1 and M 2 are magnetizations of the bottom and top Co layer, respectively. When the " +" dc current passing through the bottom Co layer is applied, spin wave instabilities may occur, resulting in the reversed domain nucleation as shown in Fig. 5͑b͒ , which corresponds to the observed static IM state. The magnetization of the nucleated domain is denoted as m. Because of the existence of the reversed domain, the resistance should be larger than that of the P state. All the local moments in the reversed domain may not be well aligned antiparallel to both M 1 and M 2 . In other words, there may be spatial distribution of the moment in the domain. This may be the reason why the resistance of the IM state is smaller than that of the antiparallel AP state.
The experimental results show that the IM state appears only when the initializing fields higher than 300 Oe are applied. This indicates that the domain formation is closely related to the dipolar coupling. Since M 2 is aligned along the field direction in the high fields, it cannot be reversed by the " +" currents. In this case, the top Co layer produces a reversing dipolar field H dip facilitating the domain nucleation in the bottom Co layer ͓Fig. 5͑b͔͒. In addition, the morphological inhomogeneities created by the overmilling into the bottom Co layer act as pinning centers stabilizing the reversed domain. On the other hand, when the initializing field is low, M 2 is reversed by the " +" dc currents. The AP state is thus resulted in as in Fig. 5͑c͒ . In this configuration, the top Co layer produces a dipolar field H dip obstructing the reversed domain nucleation in the bottom Co layer.
In fact, the domain nucleation in a continuous thin film has been observed in spin injection experiments using a point contact. 15, 16 To our knowledge, the domain nucleation in the bottom layer in the nanopillar has not yet been reported. M 1 , m, and M 2 constitute the metastable magnetic configuration of the IM state, stabilized by choosing the appropriate combined conditions of the " +" dc current, the dipolar coupling, and the pinning.
As shown in Figs. 2͑a͒ and 2͑b͒ , with decreasing the current I dc , the IM state transforms to either the P or AP state. This transition is decided by the respective energy levels of P and AP states. At fields higher than the dipolar field H dip of 160 Oe, the P state has lower energy than AP. Thus the IM state switches to the P state. At fields smaller than H dip , the P state has higher energy, and the IM state switches to the AP state through simultaneous reversing of m and M 2 , similar to what happens when M 1 is reversed by the applied field ͓see the discussion of Fig. 1͑c͒ in Sec. III͔. Finally, we further discuss why it is not probable that the IM state is in the top Co layer, where the local moments are not well aligned. The spin-transfer torque provided by the "+" dc current is known to align the moments in the top Co layer antiparallel to the magnetization of the bottom Co layer, corresponding to the AP state. With decreasing the "+" dc current, the spin-transfer torque, the driving force to the AP state, is weakened. Therefore it is unlikely for the IM state in the top Co layer to transform to the AP state with decreasing the dc current. This is in contradiction to the result shown in Fig. 2͑a͒ .
IV. SUMMARY
In summary, an intermediate IM state is observed with a different experimental sequence using a nanoscale pillar consisting of a Co/ Cu/ Co layered structure. The observed intermediate IM state is not a steady dynamic state in the top layer reported previously. It is likely that a static state is nucleated in the bottom layer. Anomalous switching behavior, i.e., switching to a high resistance state with decreasing the dc current I dc is observed. A possible explanation for the experimental results is the domain nucleation in the bottom Co layer due to the spin wave instability.
